Introduction {#s01}
============

Macropinocytosis has long been associated with cell growth. Growth factors and tumor-promoting phorbol esters stimulate macropinocytosis in many metazoan cells ([@bib51]). Cells transformed by oncogenic Ras or v-Src exhibit increased macropinocytosis ([@bib4]; [@bib51]; [@bib53]). Proteins internalized and degraded through macropinocytosis support the growth of Ras-transformed cells ([@bib12]; [@bib35]). Many intracellular signaling molecules implicated in cellular growth control, including phosphatidylinositol 3-kinase (PI3K) and Ras, are required for macropinosome formation and are active on macropinosomes ([@bib36]; [@bib50]; [@bib34]). Growth factor signaling cascades occur in subdomains of plasma membrane enclosed by circular ruffles of plasma membrane that close to form macropinosomes ([@bib58], [@bib60]; [@bib55]), which suggests that the forming macropinosome serves as a platform for signal transduction leading to growth.

Cell growth is regulated by mechanistic target of rapamycin complex-1 (mTORC1), a complex of cytosolic proteins that is activated by growth factor receptor signaling, tumor-promoting phorbol esters, and increased levels of amino acids inside endolysosomes ([@bib41]; [@bib14]). Amino acid--dependent signaling from growth factor receptors to mTORC1 requires activation of Rheb and Rag GTPases, which are themselves activated by two signaling pathways: (1) PI3K-dependent activation of Akt leads to phosphorylation and inhibition of TSC1/TSC2, which relieves inhibition of Rheb on endolysosomes ([@bib33]); and (2) amino acids in endolysosomes are sensed by Ragulator on endolysosomal membranes, which in turn activates Rag GTPases ([@bib26]; [@bib3]). Active mTORC1 regulates cellular metabolism, stimulating protein synthesis by phosphorylation of S6 kinase (S6K) and 4EBP1. How amino acids reach endolysosomes so quickly in response to growth factor signaling is not known. However, endolysosomes and endocytic trafficking contribute to the activation of mTORC1 by amino acids ([@bib17]; [@bib31]; [@bib7]). Because macropinocytosis internalizes and concentrates relatively large volumes of extracellular solutes ([@bib48]; [@bib51]), we tested the hypothesis that the macropinosome participates directly in growth factor receptor signal transduction through rapid internalization and delivery of amino acids into endolysosomes, where they activate mTORC1. Using murine macrophages and embryonic fibroblasts stimulated with their cognate growth factors or with PMA, we determined that mTORC1 activation requires the formation of amino acid--containing macropinosomes and subsequent fusion of those macropinosomes with endolysosomes.

Results {#s02}
=======

Macropinocytosis is required for macrophage colony-stimulating factor--induced amino acid--dependent mTORC1 activation in macrophages {#s03}
-------------------------------------------------------------------------------------------------------------------------------------

mTORC1 and related biochemical signaling activities were characterized in bone marrow--derived macrophages (BMMs), which elicit robust macropinocytic responses to macrophage colony-stimulating factor (M-CSF) and PMA ([@bib37]; [@bib48]). mTORC1 activity, as measured by phosphorylation of S6K, increased within 5 min of adding M-CSF ([Fig. 1 A](#fig1){ref-type="fig"}). M-CSF also transiently increased the activities of MAP kinase/ERK kinase (MEK) and extracellular signal--related kinase (ERK) (MEK/ERK), PI3K, and mTORC2, another mTOR complex ([@bib32]; [@bib45]). PMA increased the activity of mTORC1 and MEK, although more slowly than M-CSF, and did not stimulate PI3K or mTORC2 ([Fig. 1 B](#fig1){ref-type="fig"}). Amino acid--rich medium significantly increased mTORC1 activity in response to either M-CSF ([Fig. 1 C](#fig1){ref-type="fig"}) or PMA ([Fig. 1 D](#fig1){ref-type="fig"}), as did the inclusion of leucine in PBS ([Fig. 1, E and F](#fig1){ref-type="fig"}). Phosphorylation of 4EBP1, another indicator of mTORC1 activity, was also increased by leucine in cells stimulated with M-CSF or PMA ([Fig. 1, E and F](#fig1){ref-type="fig"}), although the effects were less pronounced, perhaps because of amino acid--independent phosphorylation of 4EBP1 by ERK ([@bib6]). Thus, M-CSF and PMA stimulated leucine-dependent activation of mTORC1 with different kinetics.

![**Amino acids increase activation of mTORC1 by M-CSF and PMA in macrophages.** (A) Time course of signaling in BMMs after stimulation with M-CSF. mTORC1 activity, as indicated by phosphorylation of S6K (pS6K), increased within 5 min and remained elevated. PI3K (pAkt-308), mTORC2 (pAkt-473), and MEK/ERK (pERK) were activated transiently. (B) Time course of signaling in response to PMA. MEK/ERK activity increased quickly, whereas mTORC1 was activated after a delay. PI3K and mTORC2 were not activated. (C and D) Relative to amino acid--depleted medium (HBSS, −), amino acid--rich medium (DMEM, +) increased mTORC1 activation in response to M-CSF (5-min stimulation; C) and PMA (30-min stimulation; D), but did not affect stimulation of MEK/ERK in response to either stimulus. (E and F) The addition of leucine to DPBS was sufficient to augment activation of mTORC1 by M-CSF (E) or PMA (F), as indicated by phosphorylation of S6K and 4EBP1, but did not alter stimulation of PI3K by M-CSF or of MEK/ERK by PMA.](JCB_201504097_Fig1){#fig1}

The delayed activation of mTORC1 by PMA relative to M-CSF was similar to the delay in stimulation of pinocytosis by these stimuli ([@bib37]). Quantitative microscopy of BMMs confirmed that M-CSF stimulated rapid increases in macropinosome formation, whereas PMA stimulated macropinosome formation more slowly ([Fig. 2, A and B](#fig2){ref-type="fig"}). Thus, the stimulation of macropinocytosis by M-CSF and PMA correlated with the timing of mTORC1 activation ([Fig. 1, A and B](#fig1){ref-type="fig"}).

![**Macropinocytosis is required for activation of mTORC1 by M-CSF and PMA in macrophages.** (A) Macropinosome formation in response to M-CSF and PMA. BMMs were incubated for 5 min in buffer containing fluorescein dextran with M-CSF or PMA, and then were washed, fixed, and observed by phase-contrast and fluorescence microscopy (red overlay; Bars, 10 µm). (B) Time course of macropinosome formation after stimulation with M-CSF (diamonds), PMA (squares), or with buffer only (triangle). *n* ≥ 25 cells per time point. (C--F) Effects of PI3K inhibitors on macropinocytosis (top) and mTORC1 activity (bottom). M-CSF--stimulated macropinocytosis and mTORC1 activity were inhibited partially by A66 (C) and were inhibited more completely by IC87114 (IC) or the combination of IC87114 and A66 (D). PMA-stimulated macropinocytosis and mTORC1 activity were unaltered by either A66 (E) or IC (F). B--F show the means ± SEM from three independent experiments, with \>25 cells scored per condition. \*, P \< 0.05, one-tailed *t* test.](JCB_201504097_Fig2){#fig2}

PI3K is necessary for macropinosome formation ([@bib2]) and stimulation of mTORC1 in response to growth factors ([@bib63]). PI3K stimulates mTORC1 by increasing Akt activity, which in turn phosphorylates TSC2 and relieves TSC1/TSC2 inhibition of the mTORC1-activating GTPase Rheb ([@bib3]). We examined the relative contributions of type 1 PI3K isoforms to macropinocytosis and mTORC1 activation in BMMs in response to M-CSF and PMA. A66, an inhibitor of p110α of PI3K type 1a ([@bib25]), partially inhibited phosphorylation of Akt and activation of mTORC1 by M-CSF, albeit at concentrations that were greater than those required to inhibit p110α ([Fig. 2 C](#fig2){ref-type="fig"} and [Fig. S1 A](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp1}). The p110δ-specific inhibitor IC87114 inhibited more effectively Akt phosphorylation (Fig. S1 B), macropinocytosis, and mTORC1 in response to M-CSF, and combined treatment with A66 and IC87114 inhibited these activities completely ([Fig. 2 D](#fig2){ref-type="fig"} and Fig. S1 B). Strikingly, neither inhibitor reduced macropinocytosis, mTORC1 activity or the phosphorylation of TSC2 in response to PMA ([Fig. 2, E and F](#fig2){ref-type="fig"}; and Fig. S1 C), suggesting that PMA stimulates macropinocytosis downstream of PI3K. Thus, stimulation of both macropinocytosis and mTORC1 was PI3K dependent for M-CSF and PI3K independent for PMA. Inhibition of MEK with U0126 ([@bib15]) did not reduce activation of mTORC1 by M-CSF or PMA, indicating that mTORC1 activation in BMMs was independent of MEK/ERK signaling (Fig. S1, D and E). MK2206, a specific inhibitor of Akt ([@bib20]), which does not inhibit M-CSF--induced macropinocytosis in BMMs ([@bib60]), inhibited M-CSF--induced phosphorylation of S6K and Akt (Thr308; Fig. S1 F), which suggests that macropinocytosis required for the M-CSF--dependent mTORC1 activation is PI3K dependent but Akt independent.

Macropinocytosis requires actin-based motility. To test the effects of cytoskeletal inhibitors on macropinocytosis and mTORC1 activity, BMMs were pretreated with jasplakinolide and blebbistatin (JB), which inhibit actin depolymerization ([@bib9]) and myosin II ([@bib46]), respectively. JB completely inhibited both macropinocytosis and the activation of mTORC1, without altering TSC2 phosphorylation in response to M-CSF or PMA ([Fig. 3, A and B](#fig3){ref-type="fig"}). JB also inhibited PMA-stimulated phosphorylation of 4EBP1 ([Fig. 3 E](#fig3){ref-type="fig"}). Moreover, the macropinocytosis-dependent activation of mTORC1 was specific for amino acids: leucine-dependent activation of mTORC1 was inhibited by JB ([Fig. 3 C](#fig3){ref-type="fig"}) but glucose-dependent activation was inhibited only slightly ([Fig. 3 D](#fig3){ref-type="fig"}). The macropinocytosis inhibitor 5-(*N*-ethyl-*N*-isopropyl) amiloride (EIPA; [@bib30]) also inhibited mTORC1 activation by M-CSF and PMA ([Fig. 3, F and G](#fig3){ref-type="fig"}). The effects of U0126 and EIPA on macropinocytosis in response to M-CSF correlated with their effects on mTORC1 activation ([Fig. 3 H](#fig3){ref-type="fig"}). Overall, the induction of macropinocytosis and mTORC1 by M-CSF and PMA showed corresponding patterns of sensitivity to inhibitors of macropinocytosis, PI3K, and MEK/ERK.

![**Macropinocytosis is required for activation of mTORC1 in BMM.** (A--D) Effects of JB on macropinocytosis (top) and mTORC1 activity (bottom). JB treatment blocked both macropinocytosis and mTORC1 activity in response to M-CSF in DMEM (A), PMA in DMEM (B), or M-CSF in DPBS containing 0.4 mM leucine (C). (D) JB did not inhibit activation of mTORC1 in response to M-CSF in DPBS containing 5.6 mM glucose. (E) JB inhibited 4EBP1 phosphorylation in response to PMA in BMM. (F and G) EIPA inhibited activation of mTORC1 by M-CSF (5-min stimulation; F) and PMA (30-min stimulation; G). (H) Macropinosome formation in response to M-CSF was inhibited by EIPA (+E), but not by U0126 (+U). Macropinocytosis measurements of A--D and H show the means ± SEM from three independent experiments, with \>25 cells scored per condition. \*, P \< 0.05, one-tailed *t* test.](JCB_201504097_Fig3){#fig3}

Macropinocytosis is required for PDGF-induced leucine-dependent mTORC1 activation in mouse embryonic fibroblasts {#s04}
----------------------------------------------------------------------------------------------------------------

A role for macropinocytosis in amino acid--dependent stimulation of mTORC1 was also evident in mouse embryonic fibroblasts (MEFs) stimulated with PDGF. The addition of PDGF to serum-starved MEFs stimulated macropinocytosis ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp2}). Leucine increased activation of mTORC1 by PDGF without further increasing macropinocytosis ([Fig. 4 A](#fig4){ref-type="fig"}) and increasing concentrations of leucine yielded corresponding increases in mTORC1 activity ([Fig. 4 B](#fig4){ref-type="fig"}). As in BMMs, inhibition of macropinocytosis by EIPA or JB inhibited leucine-dependent activation of mTORC1 ([Fig. 4, C and D](#fig4){ref-type="fig"}) but did not inhibit glucose-dependent activation of mTORC1 ([Fig. 4 E](#fig4){ref-type="fig"}). The small GTPase Rac regulates actin polymerization and macropinocytosis ([@bib40]; [@bib18]). To examine the contribution of Rac1 to activation of mTORC1 by PDGF, we used CRISPR/Cas9 methods to prepare MEFs deficient in Rac1. Rac1 deficiency was confirmed by Western immunoblotting of lysates ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp3}). Stimulation of serum-starved Rac1-deficient MEFs with PDGF in DMEM or Dulbecco's phosphate-buffered saline (DPBS)/leucine resulted in significantly reduced dorsal ruffling and macropinosome formation, relative to control cells (Fig. S3, B--E). Likewise, activation of mTORC1 by PDGF was reduced (Fig. S3 A). Together, these results support a role for actin-dependent macropinosome formation in the amino acid--dependent activation of mTORC1 by PDGF.

![**Macropinocytosis is required for leucine-dependent activation of mTORC1 by PDGF in MEFs.** (A) Amino acid--dependent activation of mTORC1 by PDGF. MEFs were incubated 30 min in DPBS and then stimulated for 15 min with PDGF (2 nM) in DPBS containing glucose (Glu; 5.6 mM) and leucine (Leu; 0.4 mM) and scored for macropinosome formation (top) and mTORC1 activity (bottom). (B) Effects of leucine concentration on macropinocytosis (top) and mTORC1 activity (bottom). (C and D) Stimulation of macropinocytosis and mTORC1 by PDGF and 0.4 mM leucine were inhibited by EIPA (C) and JB (D). (E) Stimulation of mTORC1 by PDGF and glucose (5.6 mM) was not inhibited by EIPA (EI) or JB. (F) Activation of mTORC1 after 30 min in PDGF and Ala-Leu. MEFs were incubated in DPBS for 30 min, followed by 30 min in DPBS, with or without PDGF, with or without 4 mM Ala-Leu. (G) Effects of Akt inhibitor MK2206 (MK; 2 µM for 30 min) on macropinocytosis (top), Akt activity, and mTORC1 (bottom). Macropinocytosis measurements of A--G show the means ± SEM from three independent experiments, with \>25 cells scored per condition. \*, P \< 0.05, one-tailed *t* test. (H) Stimulation of mTORC1 in TSC2-deficient (TSC2KO) and WT MEFs. mTORC1 activity in TSC2KO MEFs was increased by PDGF and inhibited by JB.](JCB_201504097_Fig4){#fig4}

To address the possibility that leucine reached endolysosomes by leucine-specific transport across plasma membrane and endolysosomal membranes instead of endocytosis, we measured PDGF-dependent activation of mTORC1 in the presence of the dipeptide Ala-Leu, which should not readily cross membranes via amino acid transport proteins and must be hydrolyzed to amino acids to activate mTORC1. After a delay of 30 min, extracellular Ala-Leu increased PDGF-dependent phosphorylation of S6K ([Fig. 4 F](#fig4){ref-type="fig"}), indicating that stimulation of mTORC1 in MEFs by PDGF requires the endocytosis of Ala-Leu into macropinosomes and subsequent degradation to alanine and leucine.

Previous studies established that PDGF stimulates amino acid--dependent phosphorylation of S6K in MEFs, in part because of PI3K-dependent phosphorylation of TSC2 by Akt ([@bib3]). Because JB caused a slight inhibition of TSC2 phosphorylation ([Fig. 4 D](#fig4){ref-type="fig"}), we examined the roles of Akt and TSC2 in macropinocytosis-dependent activation of mTORC1 by PDGF. As in BMMs (Fig. S1 F; [@bib60]), the Akt inhibitor MK2206 inhibited phosphorylation of S6K and Akt (Thr308) completely without inhibiting macropinocytosis ([Fig. 4 G](#fig4){ref-type="fig"}), indicating that Akt was necessary for activation of mTORC1 and independent of macropinocytosis. To examine the role of macropinocytosis relative to Akt/TSC2/Rheb, mTORC1 activity was measured in wild-type (WT) and TSC2-deficient MEFs after stimulation with PDGF in the presence or absence of JB. S6K phosphorylation was elevated in TSC2-deficient MEFs, relative to WT MEFs, but could be further increased by PDGF ([Fig. 4 H](#fig4){ref-type="fig"}). Moreover, the PDGF-dependent increase in mTORC1 and macropinocytosis could be inhibited by JB ([Fig. 4 H](#fig4){ref-type="fig"} and Fig. S2, B and C). PLCγ1-DAG-PKC pathways activated by M-CSF in BMMs are necessary for macropinocytosis and are independent of Akt activation ([@bib60]). Similarly, the PDGF-stimulated increase in macropinocytosis and mTORC1 activity in both WT and TSC2-deficient MEFs could be inhibited by the PKC inhibitor calphostin C ([Fig. 5](#fig5){ref-type="fig"}). Collectively, these results indicate that two independent pathways downstream of PI3K (Akt/TSC1/TSC2/Rheb and PKC-dependent macropinocytosis) are each necessary but not sufficient for amino acid--dependent activation of mTORC1 by growth factors.

![**PKC inhibition blocks PDGF-induced macropinocytosis and mTORC1 activation independent of TSC function.** (A) Macropinosome formation in TSC2-WT (left) and TSC2-knockout (KO) (right) MEFs stimulated by PDGF in the presence of FDx with (bottom) or without (top) calphostin C (cal C). FDx-labeled macropinosomes are indicated by red overlay. Bar, 10 µm. (B) Macropinocytosis and activation of mTORC1 in TSC2-WT and TSC2-KO MEFs was increased by PDGF and inhibited by calphostin C. Bars indicate the means ± SEM of three trials. \*, P \< 0.05.](JCB_201504097_Fig5){#fig5}

Growth factors increase amino acid--dependent recruitment of mTOR to macropinosomes and endolysosomes {#s05}
-----------------------------------------------------------------------------------------------------

Amino acids stimulate Rag GTPases, which recruit mTORC1 to endolysosomes, where mTORC1 is directly activated by Rheb ([@bib43]; [@bib62]). If macropinocytosis is essential for rapid amino acid--dependent activation of mTORC1, then macropinosomes formed in response to growth factors should deliver extracellular amino acids to endolysosomes within a few minutes of stimulation or serve as mTORC1 signaling platforms themselves. To test this, we examined mTOR localization in BMMs and whether extracellular fluid-phase solutes reach endolysosomal compartments via macropinocytosis on a time scale comparable to mTORC1 activation. BMMs were stimulated for 5 min in medium containing M-CSF and were then fixed and stained for immunofluorescence localization of LAMP-1, which localizes to endolysosomes and some macropinosomes ([@bib38]; [@bib23]), mTOR, and RagC, which localizes to lysosomes and binds to activated mTORC1. In BMMs, endolysosomes often take the form of tubulovesicular networks ([@bib29]). Immunofluorescence of BMMs fixed 5 min after addition of M-CSF showed colocalization of LAMP-1--positive macropinosomes and tubular endolysosomes with mTOR ([Fig. 6, A and B](#fig6){ref-type="fig"} and [Fig. S4 A](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp4}) and with RagC (Fig. S4 B). The presence of amino acids increased the frequency of cells showing mTOR--LAMP-1 colocalization (Fig. S4 C), suggesting that, as in other cell types stimulated by growth factors, the movement of amino acids into BMM endolysosomes increased mTOR recruitment to endolysosomes. To infer endocytosis and accumulation of extracellular amino acids by BMMs, we monitored the endocytosis of the low molecular weight, fluorescent, fluid-phase probe Lucifer yellow (LY; [@bib5]). Incubation of BMMs for 1 or 5 min with M-CSF and LY, followed by fixation and imaging, revealed LY in macropinosomes ([Fig. 6 C](#fig6){ref-type="fig"}), which sometimes colocalized with LAMP-1 ([Fig. 6 E](#fig6){ref-type="fig"}). After 10-min incubation with LY and M-CSF, however, some LY localized to LAMP-1--positive tubular endolysosomes ([Fig. 6, C and F](#fig6){ref-type="fig"}). Quantitation of images showed that M-CSF significantly increased overall LY accumulation by BMMs ([Fig. 6 D](#fig6){ref-type="fig"}), as observed previously ([@bib37]). We then examined the redistributions of endocytosed LY relative to mTOR. Pulse labeling macropinosomes for 5 min with LY showed limited colocalization with mTOR (Fig. S4 D). Inclusion of leucine in DPBS did not increase the frequency of macropinosome formation in response to M-CSF (Fig. S4 F), but it increased the percentage of macropinosomes with associated mTOR (Fig. S4, D, E, and G). This indicates that nutrient-rich macropinosomes can recruit mTOR, most likely via increased association of endolysosomes with macropinosomes. After 10 min, LY and mTOR colocalized on tubular endolysosomes ([Fig. 6 G](#fig6){ref-type="fig"}), and M-CSF increased that colocalization to a small but significant extent ([Fig. 6 H](#fig6){ref-type="fig"}). To examine the contribution of macropinocytosis to LY/mTOR colocalization, we overexpressed inhibitory Rac1-N17 (Rac1-DN) or WT Rac1 from IRES2-mCFP vectors and measured macropinocytosis, LY accumulation, and mTOR/LY colocalization in CFP-positive BMM. Relative to cells overexpressing WT Rac1, cells expressing Rac1-DN inhibited macropinosome formation ([Fig. 6 I](#fig6){ref-type="fig"}), the increased LY accumulation induced by M-CSF ([Fig. 6 J](#fig6){ref-type="fig"}), and the increased colocalization of LY with mTOR ([Fig. 6 K](#fig6){ref-type="fig"} and Fig. S4 H). Finally, we examined the contribution of amino acids to LY/mTOR colocalization. Inclusion of amino acids in the medium did not alter the net accumulation of LY by BMMs ([Fig. 6 L](#fig6){ref-type="fig"}), but it significantly increased the colocalization of endocytosed LY with mTOR ([Fig. 6 M](#fig6){ref-type="fig"} and Fig. S4 I). Thus, M-CSF--induced macropinocytosis conveys extracellular amino acids to the tubular endolysosomes, where mTORC1 is recruited and activated.

![**Stimulation of macropinocytosis in BMMs increased solute uptake and amino acid--dependent recruitment of mTOR to macropinosomes and endolysosomes.**(A and B) Immunofluorescence localization of mTOR and LAMP-1 in BMMs stimulated 5 min with M-CSF. Insets show mTOR association with macropinosome-associated endolysosomes (A) and with tubular endolysosomes (B). (C) BMMs fixed and imaged after 1, 5, or 10 min with LY and M-CSF. LY was initially distributed in macropinosomes but also localized to tubular compartments by 10 min. (D) Total LY fluorescence per cell, from image analysis of preparations shown in C (*n* \> 10 cells per point; \*, P \< 0.05). (E and F) Immunofluorescence localization of LAMP-1 after incubation of BMMs with LY and M-CSF for 5 min (E) or 10 min (F). Insets shows a macropinosome (E) and tubular endolysosomes (F) labeled with both LAMP-1 (top right) and LY (bottom left); top left: phase-contrast, bottom right: overlay. (G) Immunofluorescence localization of mTOR after 10-min incubation in LY with (bottom; insets a and b) or without (top) M-CSF. (H) Quantitation of mTOR colocalization with LY (\*, P \< 0.05). (I--K) Macropinocytosis and colocalization of mTOR and LY in BMMs expressing pRac1WT-IRES2-mCFP (RacWT) or pRac1(N17)-IRES2-mCFP (RacDN), fixed after stimulation for 5 min with FDx (I) or 10 min with LY (J and K) with or without M-CSF. CFP-positive BMMs were scored for macropinosome labeling with FDx (I), integrated intensity of LY per cell (J), and colocalization of mTOR with LY (K). RacDN significantly decreased macropinocytosis, LY accumulation, and mTOR colocalization with LY-positive organelles (\*, P \< 0.05). (L and M) Effects of amino acids on LY accumulation and colocalization of mTOR and LY. BMMs were incubated 10 min in DMEM (+AA) or HBSS (−AA) containing LY, with or without M-CSF. Amino acids did not affect the integrated cellular accumulation of LY (L), but increased the association of mTOR with LY-positive endocytic compartments (M). \*, P \< 0.05. Bars, 10 µm.](JCB_201504097_Fig6){#fig6}

mTOR redistribution was more pronounced in MEFs. Immunofluorescence of mTOR and LAMP-1 after a 10-min stimulation with amino acids showed that mTOR localized to LAMP-1--positive organelles ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp5}), as observed previously ([@bib59]), and the extent of colocalization was increased by PDGF (Fig. S5, A and B). Simply including leucine in DPBS with PDGF was sufficient to increase colocalization (Fig. S5, C--E), and PDGF-induced colocalization of mTOR and LAMP-1 could be inhibited by JB (Fig. S5, F and G). These results indicate that the macropinosome delivers leucine quickly into endolysosomes and itself matures rapidly into a LAMP-1--positive platform for activation of mTORC1.

M-CSF--induced macropinosomes rapidly deliver extracellular small solutes into endolysosomes in macrophages {#s06}
-----------------------------------------------------------------------------------------------------------

To determine the timing of macropinocytic delivery of extracellular solutes to endolysosomes, macropinosome dynamics were analyzed by live cell imaging. Macrophage endolysosomes were labeled by endocytosis of Texas red--labeled dextran (TRDx), and cells were then observed by time-lapse phase-contrast and fluorescence microscopy after the addition of M-CSF. Phase-contrast images showed ruffling and macropinosome formation in response to M-CSF, and TRDx fluorescence showed the relative distributions of tubular and vesicular endolysosomes ([Fig. 7 A](#fig7){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp6}). Endolysosomes surrounded macropinosomes soon after they closed into the cell, and then the organelles separated and reconnected repeatedly as the macropinosomes gradually shrank, interactions that were reminiscent of a phenomenon termed piranhalysis ([@bib57]) or kiss and run ([@bib13]). To image the movements of endocytosed solutes, BMMs with TRDx-labeled endolysosomes were pulse labeled for 3 min with LY during stimulation with M-CSF. Immediately after the pulse labeling, various sizes of LY-labeled macropinosomes could be observed among TRDx-labeled tubular and vesicular endolysosomes ([Fig. 7 B](#fig7){ref-type="fig"}, [Video 2](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp7}, and [Video 3](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp8}). Macropinosomes merged into the endolysosomal compartment during the first few minutes. Tubular endolysosomes often wrapped around larger, phase-bright macropinosomes in a process similar to that described previously for phagosome-lysosome fusion ([Fig. 7 B](#fig7){ref-type="fig"}, *t* = 7:40; [@bib29]). Mixing of compartment contents was indicated by colocalization of the two dyes in the macropinosome ([Fig. 7 B](#fig7){ref-type="fig"}, *t* = 8:00), which then disappeared shortly afterward. The rapid shrinkage of macropinosomes after their luminal connection with the tubular endolysosomes ([Fig. 7 B](#fig7){ref-type="fig"}, Video 2, and Video 3) indicated that hydrostatic pressure in the endolysosomal compartment was negative relative to the macropinosomes, which could facilitate delivery of solutes into the endolysosomal compartment. On the basis of earlier studies showing that movement of fluid-phase solutes between endocytic compartments varies with molecular size ([@bib5]; [@bib11]), we predicted that small solutes such as amino acids would exchange more quickly than larger solutes between macropinosomes and endolysosomes. To measure size-dependent exchange of solutes between compartments, macrophage endolysosomes were prelabeled by endocytosis of both TRDx (10-kD average mol wt) and the much smaller LY (457 g/mol). Cells were then stimulated with M-CSF and the delivery of fluorescent dyes into macropinosomes was measured by ratiometric fluorescence microscopy ([Fig. 7 C](#fig7){ref-type="fig"}, [Video 4](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp9}, and [Video 5](http://www.jcb.org/cgi/content/full/jcb.201504097/DC1){#supp10}). LY consistently transferred from endolysosomes to macropinosomes earlier than the larger TRDx, as indicated by transient increases of LY/TRDx fluorescence ratios in macropinosomes ([Fig. 7 C](#fig7){ref-type="fig"}, *t* = 26:20; and Video 4). Thus, small solutes internalized by macropinocytosis move quickly into and between endocytic compartments on a time scale consistent with M-CSF signaling to mTORC1.

![**Rapid delivery of extracellular small solutes into endolysosomes by M-CSF--induced macropinosomes in macrophages.** (A) BMMs with TRDx-labeled endolysosomes were stimulated with M-CSF and then imaged by time-lapse phase contrast (PC) and fluorescence (TRDx) microscopy. Corresponding distributions of macropinosomes and lysosomes are indicated in overlay images (middle row) and by the lines that track macropinosomes between time points (top and bottom rows). Time after the addition of M-CSF is indicated in the bottom row (minutes). Macropinosomes were repeatedly engaged by endolysosomes and shrank gradually. (B) PC images show phase-bright macropinosomes and the time course of maturation for one LY-labeled macropinosome. Inverted contrast images of macropinosomes (LY) and endolysosomes (TRDx) show dye exchange between the compartments. Time after addition of M-CSF is indicated in the bottom row (min:sec). LY/TRDx fluorescence ratio images (Ratio) show the relative distributions of macropinosomes (white) and endolysosomes (black). Tubular endolysosomes containing TRDx elongated toward the phase-bright macropinosome containing LY (*t* = 7:00--7:20), and wrapped around it (*t* = 7:40). The two dyes mixed in the macropinosome (*t* = 8:00), which then disappeared quickly (*t* = 8:00--9:00). (C) Size-selective solute exchange between tubular endolysosomes and macropinosomes. Tubular endolysosomes prelabeled with LY and TRDx contacted phase-bright macropinosomes and delivered LY before delivery of the larger TRDx. Asterisks indicate the position of a macropinosome in corresponding PC, LY, and TRDx fluorescence images. LY/TRDx ratio images show the early entry of LY into the macropinosome (26:20), followed by entry of the TRDx and rapid shrinkage of the macropinosome (26:40). Bars, 5 µm.](JCB_201504097_Fig7){#fig7}

Signaling for mTORC1 activation was localized to M-CSF--induced macropinocytic cups {#s07}
-----------------------------------------------------------------------------------

The PI3K-independent stimulation of mTORC1 and macropinocytosis by PMA suggests that PMA, as a DAG analogue, functions downstream of PI3K in activating PKC necessary for macropinosome formation. Consistent with this hierarchy, localization of phosphatidylinositol (3,4,5)-trisphosphate (PIP~3~) and DAG in BMMs stimulated with M-CSF indicated that the peak of PIP~3~ generation in macropinocytic cups preceded the peak of DAG generation ([Fig. 8, A and B](#fig8){ref-type="fig"}; [@bib60]). Moreover, PIP~3~ did not appear in macropinosomes formed in response to PMA ([Fig. 8 C](#fig8){ref-type="fig"}). Thus, the pharmacological inhibitors and live cell imaging support a model in which growth factor signaling to macropinocytic cups initiates two PI3K-dependent pathways leading to mTORC1 activation and, further, that PMA signaling activates both pathways downstream of PI3K ([Fig. 8, D and E](#fig8){ref-type="fig"}).

![**Signaling for mTORC1 activation is localized to macropinocytic cups.** (A) BMMs expressing CFP and YFP-BtkPH, a probe for PIP~3~, were imaged during M-CSF--stimulated macropinocytosis. The image series are aligned such that circular ruffle closure occurs at *t* = 80 s (top row). Pseudocolor ratio images (YFP-BtkPH/CFP) show strong YFP-BtkPH recruitment to the macropinocytic cup at *t* = 120 s (bottom row). (B) Ratiometric imaging of the DAG probe C1δ-YFP in BMMs, as described in (A). *t* = 80 s marks the end of ruffle closure. Maximal C1δ-YFP recruitment occurs at *t* = 140 and 160 s (C) Ratiometric imaging of the PIP~3~ probe YFP-BtkPH during PMA-stimulated macropinocytosis. YFP-BtkPH was not recruited to the macropinocytic cup. Bars, 5 µm. (D) Two pathways of growth factor receptor (GFR) signaling to mTORC1. GFR signaling activates PI3K, which activates mTORC1 by a cytosolic pathway, involving Akt, TSC2, and Rheb, and a vesicular pathway, involving PKC-dependent, macropinosome-mediated delivery of leucine to endolysosomes. PMA activates both pathways independent of PI3K. Stimuli are indicated in blue type; inhibitors are indicated in gray type. (E) The macropinosome as a discrete unit of GFR signaling. PI3K-generated PIP~3~ accumulates in macropinocytic cups (red line), activating Akt (cytosolic pathway) and PLCγ. PLCγ generates DAG in the cup, leading to PKC-dependent macropinocytosis (vesicular pathway). Extracellular solutes internalized by macropinocytosis are delivered rapidly into LAMP-1 (blue lines)--enriched endolysosomes by piranhalysis or after tubular endolysosomes wrap around macropinosomes. Small solutes exchange more rapidly between macropinosomes and endolysosomes than large solutes, providing a rapid mechanism for activation of mTORC1 by amino acids inside macropinosomes and endolysosomes.](JCB_201504097_Fig8){#fig8}

Discussion {#s08}
==========

Macropinosome formation and subsequent delivery of fluid-phase solutes to endolysosomes provides a mechanism for rapid activation of mTORC1 by amino acids. Concentration of amino acids into endolysosomes by macropinocytosis is more efficient than by endocytosis of smaller vesicles, such as clathrin-coated vesicles, because macropinosomes internalize much greater volumes of extracellular fluid and retain a larger fraction of internalized solutes ([@bib48]). On the basis of this work, as well as earlier studies showing that PLCγ acts downstream of PI3K during macropinosome formation in v-Src--transformed fibroblasts ([@bib1]), we propose that normal growth factor receptor signaling to mTORC1 consists of a cytosolic pathway, composed of PI3K, Akt, TSC1/TSC2, and Rheb, and a vesicular pathway, which uses PI3K, PLCγ1, and PKC to create a novel unit of signal transduction, the amino acid--laden macropinosome ([Fig. 8, D and E](#fig8){ref-type="fig"}). Akt is not necessary for macropinosome formation ([Fig. 4 G](#fig4){ref-type="fig"}; [@bib60]); however, activation of Akt and the cytosolic pathway may originate in the circular ruffles that become macropinosomes. Fluorescent PIP~3~-binding proteins localize to circular ruffles in BMMs stimulated with M-CSF ([Fig. 8 A](#fig8){ref-type="fig"}; [@bib60]). Signal amplification and propagation may be limited to those domains by barriers to lateral diffusion that are intrinsic to ruffle structure ([@bib56]; [@bib55]).

Rac1 was implicated previously in the regulation of mTORC1 ([@bib42]); Rac1 binds to mTOR independently of its GTP-binding status, and sequesters it in a regulatory manner. Our results indicate a role for Rac1 activity, specifically that related to actin-dependent macropinosome formation, in the activation of mTORC1 by M-CSF.

The role of Rab5 in activation of mTORC1 ([@bib31]; [@bib7]) may be explained by its effects on macropinosome formation and stability. Earlier studies established that macropinosomes are Rab5 positive before they fuse with endolysosomes ([@bib36]; [@bib58]) and that Rab5 is active on macropinosomes and regulates macropinosome stability ([@bib16]). The cycle of Rab5 activation and deactivation may therefore be necessary for macropinosome formation and the delivery of amino acids into endolysosomes.

These results are consistent with a role for PKC in macropinosome formation and mTORC1 activation, even in MEFs with constitutively active Rheb. The PI3K-independent activation of mTORC1 by PMA reported here indicates that phorbol esters stimulate both the cytosolic pathway, as reported previously ([@bib52]; [@bib41]), and a vesicular pathway, by triggering macropinosome formation downstream of PLCγ1.

Our studies demonstrate that macropinosomes elicited by growth factor stimulation deliver a bolus of amino acids to endolysosomes rapidly enough to activate mTORC1. Other types of endocytosis, such as clathrin-mediated endocytosis, which accumulate solutes in endolysosomes less efficiently than macropinocytosis, should also be capable of delivering amino acids to endolysosomes and activating mTORC1, independent of growth factor stimulation. For example, unstimulated macrophages accumulate as much LY in 60 min as macrophages stimulated for 10 min with M-CSF ([@bib37]). This suggests that macropinocytosis-independent activation of mTORC1 should become evident with longer incubations of starved cells with amino acids or with higher external concentrations of amino acids. Indeed, recent studies by [@bib35], which demonstrated a role for macropinocytosis-mediated protein accumulation in the activation of mTORC1, also showed that activation of mTORC1 by the addition of essential amino acids to amino acid--starved MEFs was independent of macropinocytosis. The apparent discrepancy between those results and the data reported here is likely attributable to the time scales used in the two studies. Unlike our analysis of rapid growth factor signaling (5--15 min), [@bib35] measured mTORC1 activity after 1--4 h in amino acid--replete medium. The longer incubations may have been sufficient to allow nonmacropinocytotic endocytosis to supply enough amino acids to endolysosomes for activation of mTORC1.

In contrast with amino acids, signaling to mTORC1 by glucose was independent of macropinocytosis. This observation is consistent with an earlier study that implicated the membrane traffic protein Rab5 in the activation of mTORC1 by amino acids but not by glucose ([@bib31]). Recent studies have shown that stimulation of mTORC1 by leucine is different from the mechanisms of stimulation by arginine or glutamine, which use the transporter SLC38A9 ([@bib39]; [@bib54]) and distinct vesicular pathways ([@bib27]).

These studies further suggest that macropinosomes are organizational units of growth factor receptor signaling. The uptake and concentration of amino acids and other solute nutrients into endolysosomes by macropinocytosis may be essential to growth factor receptor signaling at steady state. Although signaling is most often studied in the context of acute stimulation of cells after growth factor deprivation, the rapid stimulation of mTORC1 by amino acids in that setting may be an artifact of the experimental system. In the in vivo setting of constant concentrations of growth factor, receptor signaling may occur primarily through the stochastic, transient construction of macropinosomes. Accordingly, growth factor receptor signal cascades occur within macropinocytic cups ([@bib58]; [@bib55]) and growth signals are propagated by delivering a bolus of amino acids into endolysosomes, or a bolus of proteins that are later hydrolyzed to amino acids in endolysosomes, thereby activating mTORC1. Moreover, the regulation of solute accumulation by macropinocytosis, positively by growth factors or negatively by feedback inhibition through mTORC1 ([@bib35]) would modulate the flux of extracellular nutrients into the endolysosomal compartment and, consequently, the level of stimulus for cell growth. In transformed cells that form macropinosomes continuously, the unrestrained delivery of amino acids into endolysosomes may force mTORC1 activation and continued cell growth.

Materials and methods {#s09}
=====================

Materials {#s10}
---------

M-CSF was from R&D Systems. PMA, U0126, LY294002, and leucine were from Sigma-Aldrich. EIPA, fluorescein isothiocyanate-dextran molecular weight 70,000 (FDx70), TRDx (molecular weight 10,000), and LY were from Life Technologies. Blebbistatin and mouse PDGF BB were from Abcam. Jasplakinolide was from Enzo Life Sciences. A66 and IC87114 were from Symansis. MK2206 was from ApexBio. Calphostin C was from Calbiochem. DPBS, calcium (+), and magnesium (+) were from Life Technologies (14040). Alanyl dipeptide, Ala-Leu, was from Sigma-Aldrich. Anti--LAMP antibody (1D4B) was from the Developmental Studies Hybridoma Bank ([@bib10]). Anti--mTOR (2983), anti--raptor (2280), anti--RagC (3360), anti--S6K (2708), anti--phospho-S6K (Thr389; 9234), anti--Akt (9272), anti--phospho-Akt (Thr308; 4056), anti--phospho-Akt (Ser473; 4060), anti--Erk1/2 (4695), anti--phospho-Erk1/2 (Thr202/Tyr204; 4376), anti--4EBP1 (9644), anti--phospho-4EBP1 (Thr37/46; 2855), anti--TSC2 (4308), and anti--phospho-TSC2 (Thr1462; 3617) antibodies were from Cell Signaling ([@bib24]; [@bib43]; [@bib59]; [@bib62]). Anti--Rac1 (mouse) and anti--α-tubulin (mouse) were from Abcam. HRP-conjugated goat anti--rabbit IgG was from GE Healthcare. Texas red goat anti--rat IgG, Alexa Fluor 594 goat anti--rat IgG, Alexa Fluor 488 goat anti--rabbit IgG, Alexa Fluor 594 goat anti--rabbit IgG, Alexa Fluor 488 goat anti--mouse IgG, and Alexa Fluor 594 goat anti--mouse IgG were from Life Technologies.

Cells and plasmids {#s11}
------------------

BMMs were generated from femurs of C57BL/6J mice and cultured for 6--7 d, as described previously ([@bib29]). All animal-related procedures were performed in compliance with the University of Michigan guidelines for the humane use of animals. MEFs and HEK293T cells were cultured as described previously ([@bib59]). MEFs from TSC2-knockout ([@bib61]) and WT control mice were provided by D. Kwiatkowski (Harvard Medical School, Boston, MA). The plasmid pIRES-mCFP was constructed by replacing the EGFP sequence of pIRES-EGFP (BD Biosciences) and the PCR-amplified mCFP sequence between BstX1 and Not1. Rac-WT and Rac-N17 sequences were PCR amplified and subcloned into the pIRES-mCFP between Nhe1 and EcoR1 sites, resulting in the plasmids pRac1-WT-IRES2-mCFP and pRac1-N17-IRES2-mCFP, respectively. The plasmid pmCitrine-BtkPH-N1 was described previously ([@bib28]; [@bib60]). In brief, the PCR-amplified BtkPH sequence was subcloned into the pmCitrine-N1 vector (Clontech) between XhoI and HindIII. The plasmid pC 1δ-YFP was a gift from T. Meyer (Stanford University, Palo Alto, CA). The plasmid pEGFP-N1 was from Clontech. The plasmids psPAX2 and pMD2.G were from Addgene. The plasmids pRac1-WT-IRES2-mCFP and pRac1-N17-IRES2-mCFP were derived from pIRES2-EGFP vector (BD Biosciences). The plasmids psPAX2 and pMD2.G were described previously ([@bib47]).

Generation of Rac1 knockout MEFs using CRISPR/Cas9 genome editing {#s12}
-----------------------------------------------------------------

The 20-nt guide sequence targeting mouse Rac1 was designed using the CRISPR design tool. The guide RNA (gRNA) encoding DNA was cloned into a bicistronic expression vector (LentiCRISPR v2; a gift from F. Zhang (Broad Institute, Massachusetts Institute of Technology, Cambridge, MA); and plasmid 52961; Addgene) containing human codon--optimized Cas9 and the RNA components ([@bib44]). The guiding sequence, with a 3-nt protospacer adjacent motif, targets exon 2 of mouse Rac1 gene: 5′-ACGGTGGGGATGTACTCTCCAGG-3′. As a control, a gRNA sequence targeting GFP was designed (5′-CATGCCTGAAGGTTATGTAC-3′). The LentiCRISPR vectors with different gRNAs were transfected into HEK293T cells with lentiviral packaging plasmid psPAX2 and envelope plasmid pMD2.G. The virus was collected and concentrated as described previously ([@bib47]). MEF3 cells (a gift from L. Kotula, Upstate Medical School, Rochester, NY) were used as WT MEFs. 24 h after infection, the cells were selected for resistance to 5 µg/ml puromycin for 48 h. At day 6 after infection, the cells were examined for Rac1 expression and used for further experiments.

Cell treatments {#s13}
---------------

For the biochemical assays, BMMs and MEFs were cultured in DMEM (low glucose; 11885; Life Technologies) without FBS overnight. BMMs were stimulated with M-CSF (6.9 nM) or PMA (100 nM) for the indicated times and lysates were prepared for Western blotting as described previously ([@bib59]). For inhibitor treatment assays, BMMs were pretreated with U0126 (10 µM), A66 (3 µM), IC87114 (0.1--1 µM), MK2206 (2 µM), or EIPA (25 µM) for 30 min in DMEM, HBSS, or DPBS containing leucine or glucose. A combination of blebbistatin (75 µM for 35 min) and jasplakinolide (1 µM for 15 min) was also used. After treatments, cells were stimulated by M-CSF or PMA for 5 or 30 min, respectively. For calphostin C treatment, cells were pretreated with 500 nM calphostin C for 20 min in a CO~2~ incubator and transferred into a biological safety cabinet for light activation for another 10 min ([@bib8]). For leucine or glucose stimulation assays, BMMs were treated with DPBS with leucine or glucose at the indicated concentrations for 35 min (for blebbistatin and jasplakinolide experiments) or 50 min and stimulated by M-CSF or PMA for another 5 min or 30 min, respectively. MEFs were starved in DPBS with leucine (0.4 mM) or glucose (5.6 mM) for 30 min and stimulated with PDGF (2 nM) for 15 min ([@bib19]). For inhibitor treatment assays, MEFs were pretreated 30 min with EIPA (25 µM) or the JB combination. For PDGF and leucine stimulation assays, MEFs were incubated in DPBS with glucose (5.6 mM) throughout, including 50 min starvation followed by stimulation for 10 min with PDGF and/or leucine (0.4 mM). For the dipeptide assay, MEFs were cultured in DPBS or DPBS with Ala-Leu (4.0 mM) for 30 min and stimulated by PDGF for another 30 min. For amino acid stimulation assays, BMMs or MEFs were incubated in HBSS (Life Technologies) for 50 min and then DMEM for 5 min with or without M-CSF (BMMs), or 10 min with or without PDGF (MEFs).

Western blotting {#s14}
----------------

Cells were lysed 10 min in ice-cold lysis buffer (40 mM Hepes, pH 7.5, 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM NaF, 1.5 mM Na~3~VO~4~, 0.3% CHAPS, and a mixture of protease inhibitors; Roche) as reported previously ([@bib59]). Lysates were centrifuged at 13,000 *g* for 15 min at 4°C, and the supernatant was mixed with 4× SDS sample buffer and boiled for 5 min. The samples were subjected to SDS-PAGE and applied to Western blotting with the indicated antibodies. At least two independent experiments were performed to confirm the results of pilot studies.

Microscopy {#s15}
----------

Phase-contrast and fluorescence microscopic images were collected in an Eclipse TE-300 inverted microscope with a 60× NA1.4, oil-immersion PlanApo objective lens (Nikon) and a Lambda LS xenon arc lamp for epifluorescence illumination (Sutter Instruments). Fluorescence excitation and emission wavelengths were selected using a 69008 set (Chroma Technology) and a Lambda 10--2 filter wheel controller (Shutter Instruments) equipped with a shutter for epifluorescence illumination control. Images were recorded with a Photometrics CoolSnap HQ cooled charge-coupled device camera (Roper Scientific).

For live cell imaging, cells plated onto glass-bottom, 35-mm diameter dishes (MatTek Corp.) were preloaded by endocytosis of TRDx (0.5 mg/ml × 2--3 h) followed by a 2- to 4-h chase in unlabeled medium. Cells were first imaged in Ringer's buffer (RB; 10 mM Hepes, pH 7.2, 155 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 1 mM MgCl~2~, 2 mM NaH~2~PO~4~, and 10 mM glucose; 23°C), then stimulated with 200 ng/ml M-CSF in RB to stimulate macropinocytosis, with added LY, rinsed, transferred to the microscope, and imaged at 20-s intervals. Images were processed as video or still sequences using MetaMorph software. To confirm the results of live cell imaging, three or more independent experiments were performed.

Immunofluorescence staining for BMMs was performed as described previously ([@bib38]). In brief, cells were washed three times with 37°C RB and fixed for 30 min at 37°C with fixation buffer (20 mM Hepes, pH 7.4, 2% PFA, 4.5% sucrose, 70 mM NaCl, 10 mM KCl, 10 mM MgCl2, 2 mM EGTA, 70 mM lysine-HCl, and 10 mM sodium periodate). The fixed cells were rinsed with washing buffer (TBS buffer: 20 mM Tris-HCl, pH 7.4, 150 mm NaCl, 4.5% sucrose) for 3 × 5 min, permeabilized with ice-cold methanol for 20 s and then incubated with blocking buffer (TBS buffer with 2% goat serum) for 30 min at RT. Immunofluorescence staining for MEFs was performed as described previously ([@bib59]). The fixed cells were rinsed with DPBS for 3 × 5 min, permeabilized with 0.01% saponin in DPBS for 10 min at RT then blocked with blocking buffer (TBS buffer; 0.01% Triton X-100, and 2% BSA) for 30 min at RT. Samples were incubated with primary antibodies at a dilution of 1:100 in blocking buffer at RT for 2 h. After rinsing three times with TBS buffer, samples were incubated with secondary antibodies at a dilution of 1:200 in blocking buffer at RT for 2 h. After rinsing three times with TBS buffer, samples were mounted on microscope slides using Prolong Gold (Life Technologies). To confirm qualitative observations, quantitative analysis was applied to 10 or more immunofluorescence images.

Macropinosome assay {#s16}
-------------------

To measure macropinocytosis, cells on coverslips were pulse labeled for the indicated times with LY (1 mg/ml) or FDx70 (1.2 mg/ml) in medium containing M-CSF, PDGF, or PMA and then were rinsed, fixed, and observed using a Nikon TE300 fluorescence microscope. Uningested probes were removed by gently washing with DPBS before cells were fixed for 30 min at 37°C with fixation buffer. Phase-contrast and FDx70 or LY fluorescence images of fixed cells were captured and merged after reducing background signal using MetaMorph (version 6.3; Molecular Devices). The number of induced macropinosomes per cell was determined by counting FDx70- or LY-positive vesicles on the merged images; \>25 cells were observed for each assay.

Quantitative analysis of mTOR-LAMP colocalization {#s17}
-------------------------------------------------

Phase-contrast and mTOR and LAMP-1 immunofluorescence images were taken of BMMs containing tubular endolysosome structures. More than 49 BMM images from five independent experiments were observed per condition, and the frequency of the cells showing mTOR--LAMP-1 was determined by comparing mTOR, LAMP-1, and merge images using MetaMorph. Data were analyzed by the *t* test. To analyze colocalization in MEFs, pilot experiments were followed by one experiment in which \>10 MEF images per condition were randomly captured, and LAMP-1 and mTOR images were compared using the "Measure Colocalization" command in MetaMorph, after thresholding each image to reduce background signals. We calculated the area of mTOR-LAMP colocalization divided by the area of LAMP, and the result was considered as the frequency of mTOR--LAMP-1 colocalization in this study. Identical methods were used to quantify colocalization of mTOR with LY. All data were analyzed by the *t* test.

Ratiometric imaging {#s18}
-------------------

Cells were prepared for live cell imaging as described by [@bib58]. A ratiometric imaging approach was used to measure the ratios of two fluorescent chimeras in BMMs, using MetaMorph software as described previously ([@bib49]; [@bib22]; [@bib58]; [@bib55]). Ratio images reported the concentrations of YFP-BktPH relative to CFP, to localize PIP~3~, and of YFP-C1δ relative to CFP, to localize DAG, thereby correcting for variations in optical path length owing to cell shape. Ratio images of LY and TRDx reported the relative distributions of the two dyes in endocytic compartments. All observations were repeated \>10 times.

LY endocytosis {#s19}
--------------

LY was used to investigate the trafficking of small solutes ingested by macropinocytosis. For time course experiments, cells were incubated in DMEM or HBSS with 1 mg/ml LY for 1, 5, or 10 min, with or without M-CSF, and then rinsed three times before fixation. For colocalization assays, cells were stained for immunofluorescence with anti--LAMP or anti--mTOR antibodies. For Rac1 expression experiments, BMMs were transfected with plasmids encoding pRac1-WT-IRES2-mCFP or pRac1-N17-IRES2-mCFP, using a Mouse Macrophage Nucleofector kit (Amaxa). Cells were incubated for 24 h and used for the LY assay. For starvation assays, cells were incubated in HBSS for 30 min before 10-min M-CSF stimulation. To quantify the amount of ingested LY, phase-contrast and LY images were taken and shade/bias corrections were applied ([@bib21]). More than 10 cell images per condition were captured on three separate days, and the total intensity of LY inside each cell was obtained using the "Measure" tool in MetaMorph, after thresholding each image to subtract background signals. To quantify the frequency of mTOR-LY colocalization, phase-contrast, mTOR, and LY images were taken and shade/bias corrections were applied. More than 10 cell images per condition were captured. The frequency of the integrated signal of mTOR (or LY) overlapping of LY (or mTOR) inside of a cell was measured as the frequency of mTOR-LY colocalization using the "Measure Colocalization" tool in MetaMorph. Because we used CFP as a marker for cells overexpressing Rac1 or Rac1(N17), we corrected the LY fluorescence image (I~F~: excitation 430/424; emission 535/530) for crossover signal from CFP (I~CFP~: excitation 430/424; emission 470/424). Crossover fluorescence was corrected by measuring the coefficient β from cells expressing CFP only (I~F~/I~CFP~) and isolating the LY fluorescence from cells containing LY and CFP, using the equation I~LY~ = I~F~ − βI~CFP~ ([@bib21]). All data were analyzed by the *t* test.

Detail of statistical methods {#s20}
-----------------------------

All experimental replicates subsequent to pilot studies are presented here. In scoring for macropinosome formation ([Fig. 2, B--F](#fig2){ref-type="fig"}; [Fig. 3, A--D and H](#fig3){ref-type="fig"}; [Fig. 4, A--G](#fig4){ref-type="fig"}; [Fig. 5 B](#fig5){ref-type="fig"}; [Fig. 6 I](#fig6){ref-type="fig"}; Fig. S2 C; Fig. S3, C and E; and Fig. S4 F), a one-tailed, paired *t* test was applied to data obtained from three technical replicates of samples with 15 or more cells for each condition. For mTOR-LAMP colocalization analysis in BMMs (Fig. S4 C), a two-tailed, paired *t* test was applied to five technical replicates of samples with seven or more cells for each condition. For analysis of mTOR recruitment to macropinosomes (Fig. S4 G), a one-tailed, paired *t* test was applied to data obtained from three technical replicates of samples with 25 or more macropinosomes for each condition. For mTOR-LAMP colocalization analysis in MEFs (Fig. S5, B, E, and G) and mTOR-LY colocalization analysis in BMMs ([Fig. 6, H, K, and M](#fig6){ref-type="fig"}), a one-tailed, two-sample unequal variance *t* test was applied to images of 10 or more cells for each condition. For analysis of integrated intensity of LY in BMMs ([Fig. 6, D, J, and L](#fig6){ref-type="fig"}), a one-tailed, two-sample unequal variance *t* test was applied to images of 10 or more cells for each condition.

Online supplemental material {#s21}
----------------------------

Fig. S1 shows the effects of inhibitors of PI3K, MEK, and Akt on mTORC1 activity in BMMs. Fig. S2 shows PDGF-stimulated macropinocytosis in MEFs. Fig. S3 shows that Rac deficiency abrogates PDGF signaling to mTORC1. Fig. S4 shows mTOR distributions in BMMs relative to internalized LY. Fig. S5 shows amino acid--dependent colocalization of mTOR with LAMP-1 and endocytosed LY in MEFs. Video 1 shows piranhalysis after macropinosome formation in BMMs and corresponds to [Fig. 7 A](#fig7){ref-type="fig"}. Video 2 shows the fusion of LY-labeled macropinosomes with TRDx-labeled tubular endolysosomes and corresponds to [Fig. 7 B](#fig7){ref-type="fig"}. Video 3 shows the fusion of LY-labeled macropinosomes with TRDx-labeled tubular endolysosomes. Video 4 shows solute size--dependent delivery of dyes from endolysosomes into macropinosomes and corresponds to [Fig. 7 C](#fig7){ref-type="fig"}. Video 5 shows solute size--dependent delivery of dyes from endolysosomes into macropinosomes. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201504097/DC1>.
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